Purpose: To examine the movement of air injected in the cornea in simulated deep anterior lamellar keratoplasty (DALK), from the needle tip to the formation of different types of big bubbles (BB) and to ascertain how air travels through the stroma and pre-Descemet's layer [Dua's layer (PDL)] to create a type-1 (air between PDL and deep stroma) and type-2BB (air between PDL and Descemet's membrane). Methods: Air was injected in 57 sclerocorneal discs and the passage recorded. Leaking points and sites of commencement of type-1 and type-2BB were examined by scanning electron microscopy. Stromal distribution of air pockets was studied by light microscopy. Uninjected corneas served as controls. Results: Injected air followed a consistent pattern, initially as radial tracks to the limbus, then as circumferential bands along the limbus and finally centripetally to create predominantly a type-1BB. Type-2BB started at the periphery, by air emerging through clusters of tiny fenestrations discovered in the periphery of PDL. Fifteen to 20 such clusters were also seen in control samples on either side of the Descemet's attachment. Type-1BB was formed by air emerging through wide spaces between lamellae of deep stroma. Histologically, the circumferential band revealed an aggregation of air pockets in the mid-stroma. Conclusion: The consistent pattern of passage of air is indicative of the architecture and microanatomy of the corneal stroma where collagen lamellae are orthogonally arranged centrally and as a circular annulus at the periphery. The novel peripheral fenestrations explain the peripheral commencement of a type-2BB and the escape of air into the anterior chamber during DALK.
Introduction
Lamellar keratoplasty in the form of endothelial keratoplasty (EK) for endothelial disorders and DALK for stromal disorders has replaced penetrating keratoplasty (PK) as the procedure of choice for several indications (Anwar & Teichmann 2002; Reinhart et al. 2011; Keane et al. 2014) . For DALK, the big bubble (BB) technique (Anwar & Teichmann 2002) , wherein air is injected in the corneal stroma to separate PDL or the Descemet's membrane (DM) from the posterior stroma, is the popular procedure (Jafarinasab et al. 2010; McKee et al. 2011; Dua et al. 2015a) . With pneumo-dissection, the type-1BB (cleavage between PDL and stroma) is common but often a type-2BB (cleavage between DM and PDL) or a mixed BB forms (Dua et al. 2013 (Dua et al. , 2014b . Injected air traverses the thickness of the stroma and on reaching the posterior lamellae, lifts off the PDL, which is impervious to air (Dua et al. 2013 (Dua et al. , 2014b . Very little is known of the path air traverses in the stroma before it reaches the respective planes to create a type-1, type-2 or mixed BB. We hypothesized that the path taken by injected air is determined by the corneal stromal microarchitecture, which influences the type of BB formation. In this study, we examined the movement of air injected in the stroma of human sclerocorneal discs to understand the dynamics of BB formation in the context of the corneal stromal architecture and microanatomy of the posterior cornea. We present evidence to explain the mechanisms of formation of the different types of BB.
Materials and Methods
Fifty-seven human eye bank sclerocorneal discs preserved in Eagle's organ culture medium for up to 10 weeks, and two fresh sclerocorneal discs were used. The causes of death were infections (n = 10), cardiac related (n = 9), cancer (n = 7), neurological (n = 6) and others (n = 27). Donor age was 55-81 with a mean of 66 years. All tissues were from consented donors and released for research by the National Health Service Blood and Transplant Service UK.
Air injection
In 57 discs, intrastromal injection of air was made with a 30-gauge needle, 13 mm long, bent to 135°at the midpoint and attached to a 5-ml syringe. The schema of the experiments is given in Fig. 1 . The needle bevel was directed to the endothelium in 46 eyes, the epithelium in five eyes and faced sideways in six eyes ( Fig. 2A, B, C) . The needle tip was inserted in the scleral rim, approximately 1.5-2 mm from the sclerocorneal junction, and advanced radially towards the centre of the cornea, in mid-stroma for 5-6 mm (Fig. 2D) . The trajectory of the needle was parallel to the corneal lamellae. Air was injected by applying continuous force on the plunger until air started to appear in the stroma. At this point, the pressure was maintained as air spread in the corneal stroma. When air started to leak from point(s) along the circumference of the limbus, the pressure was increased to compensate for 'leaking' air until the end-point (formation of a BB) was reached (Fig. 2E, F , G, H). Due to variable loss of air, it was not possible to measure the total volume required to obtain a BB. All injections were performed at room temperature. The characteristics and direction of movement of air from the point of injection to the formation of a BB were captured on digital video. A few drops of balanced salt solution were placed in the concavity of the disc so that any leaking air could be visualized as a string of tiny bubbles (Fig. 3A, B) . Leaking points were marked.
Experiment to determine origin of type-2BB
In five corneas, when a type-2BB started forming peripherally near the limbus, the site was marked (Fig. 2F) . The DM adjacent to the marked point representing the commencement of the type-2BB was peeled off to expose the underlying stroma. This area was examined by scanning electron microscopy (SEM). Two fresh sclera-corneal discs without air injection were used as controls. In these two, the DM was completely peeled off and the tissue fixed in glutaraldehyde and processed for SEM.
Experiment to examine characteristics of air spaces within the corneal stroma following air injection Six sclerocorneal discs were injected with air as described above. In three corneas, air injection was ceased when air had spread along the circumference of the cornea as a narrow band (see results; Fig. 2G ), and in three others, air injection was ceased as soon as a type-1BB started to form by the coalescence of smaller bubbles (Fig. 2H ). Samples were fixed for histological examination in 10% formalin for light microscopy and in 2.5% glutaraldehyde for SEM.
Scanning electron microscopy
Samples were treated with 1% osmium tetroxide before dehydrating in ascending grades of alcohol. Samples were then critically point-dried and sputter coated with gold before examination in a JSM 840 SEM (JEOL, Herts, UK) as described previously (Dua et al. 2013 ). The periphery was examined for the presence and distribution of fenestrations.
Light microscopy
Paraffin-embedded, 5-micron limbus to limbus sections were cut, deparaffinized and stained with Harris haematoxylin and eosin using standard protocols. Entire sections were scanned with the Nanozoomer 2.0-HT Digital Slide Scanner, C9600, at 9 20 magnification [Nanozoomer Digital Pathology (NDP) System, Hamamatsu, Japan] and the distribution of intrastromal bubbles examined.
Results

Immediate passage of air
When air emerged at the tip of the needle in the corneal stroma, three patterns were seen.
(1) An immediate whitening of the aerated stroma with air and rapid extension in a radial manner to the limbus like the spoke(s) of a wheel numbering 1-7 (mean = 2.4; Fig. 3C , Video Clip S1). This was the commonest pattern seen, in 41/57 samples. (2) Very fine linear branching lines, like 'cracks in glass' appeared from the tip of the needle in six samples (Fig. 3D , Video Clip S2). The subsequent pattern was as described in (1) above. (3) Air spread diffusely from the needle tip to the periphery in 10 samples (Fig. 3E , Video Clip S3). Although the movement of air followed the above three patterns at the earliest exit from the needle tip, a combination of two or all three was seen by the time the whole cornea was aerated (Fig. 3F , Video Clip S4). 
Late passage of air
When one or more spoke(s) of the radially tracking air reached the limbus, the direction of air travel changed from radial to circumferential, with the air tracking in both clockwise and counter-clockwise directions along the circumference of the peripheral cornea till the bands met ( Fig. 4 and Video Clips S1-S4) The width of the circumferential band of air was between 1.5 and 2 mm. This was the most consistent pattern regardless of the pattern of initial passage of air. Air then moved centripetally from the periphery till the whole cornea became white. On continued injection of air, the cornea expanded in the anteroposterior direction with the posterior, central 6-8.5 mm zone expanding the most. The circumferential band remained comparatively more compact than the central cornea ( Fig. 4 and Video Clips S1-S4). There was a ring of constriction (least expansion) between the circumferential band and the central zone (Fig. 5) . During the passage of air, leaking points evident as tiny bubbles of air streaming from specific foci along the circumference of the peripheral cornea, anterior (central) to the trabecular meshwork and from the perilimbal sclera, posterior to the trabecular meshwork also appeared in 52/57 samples. There were 0-8 leaking points [mean 4.26 (SD = 2.303) in any given sample (Fig. 3A , B, Video Clips S1-S4)]. The above patterns of early and late passage of air were observed regardless of the direction of the tip of the needle whether facing the epithelium, the endothelium or the limbus (Table 1) .
Three further patterns emerged in the 51 samples where air was injected until a complete BB was formed (Table 1): (1) Type-1BB: Tiny bubbles appeared anterior to the DM and coalesced to form a BB that lifted the posterior wall of the type-1BB like a dome, which expanded to a mean diameter of 8.11 mm (SD = 0.77; range 6.5-9 mm; Fig. 6A , B, C, D). The circumference of the type-1BB corresponded to the inner circumference of the circular band of air at the periphery. The type-1BB was observed in 35/51 samples (Video Clips S1-S4).
(2) Type-2BB: A thin-walled bubble appeared at the periphery and expanded as a thin transparent dome across the surface of the cornea measuring 10 mm to 10.5 mm in diameter [mean 10.16 mm (SD = 0.25) in diameter representing a type-2BB in 9/51 samples ( Fig. 2 . Diagrammatic representation of air injection and the path taken by air injected in the stroma. (A) A 30-g, 13-mm needle is bent to 135°at about its mid-point and attached to a 5-ml syringe. The needle is inserted through the scleral rim and advanced radially. The bevel at the tip of the needle was directed towards the endothelium; or (B) sideways; or (C) towards the epithelium in mid-stroma (D). The air injected usually tracks radially to the limbus (small arrow) (A, B, C) and on reaching the limbus moves clockwise and counter-clockwise (curved arrows) (A, B, C). This pattern occurs regardless of the direction of the bevel of the needle. (E) Points of air leak were seen peripheral to the trabecular meshwork through tiny fenestrations (short arrows). Fine fenestrations were also located central to the attachment of the Descemet's membrane (DM; black circle). Air leaking through these fenestrations reached the plane between DM and the preDescemet's layer (PDL) to form a type-2 big bubble (BB) (F). (G) Once the circumferential movement of air along the limbus was complete (curved arrows), air moved centripetally (short arrows), which started to swell. (H) Small air pockets formed in the posterior central stroma, between the PDL (Dua's layer) and deep stroma and coalesced to form a type-1 BB which enlarged in a centrifugal direction.
1BB was complete but the type-2BB was partial, and in two samples, both type-1 and type-2BB were complete (Fig. 6G, H) . In two samples, it was noted that the type-2BB started at the edge of a type-1BB after the type-1BB had reached its maximum diameter, while in the remaining five, it started at the periphery as described in '2' above.
Electron microscopy
On SEM, tiny holes were seen in the peripheral cornea adjacent to the origin of the trabecular meshwork corresponding to the leaking points of air.
In the five samples where the start of the type-2BB was marked and the DM peeled off prior to SEM, clusters of fenestrations were noted in the PDL, within 500 microns central to the termination of DM. In the two fresh samples that were not injected with air, 15 and 20 clusters of fenestrations were found, respectively, along the circumference, on either side of the termination of the DM. These were also within 500 microns of the termination of DM centrally and between termination of DM and the trabecular meshwork peripherally. In each cluster, there were between two to eight fenestrations of varying sizes 5-60 microns with a mean of 20.3 microns (SD: 13.84; Table 1 , Fig. 7A , B, C, D, E). Fixation and processing of tissue for SEM cause 25-30% shrinkage of cells and tissues (Gusnard & Kirschner 1977) . Multiple spaces were seen centrally in the bed (posterior stroma) of type-1BB (Fig. 7F ). These were different from the fenestrations found at the periphery of type-2BB as they were larger, irregular in shape and centrally located.
Light microscopy
On light microscopy of the samples where air injection was ceased as soon as a complete circumferential band was formed, the doughnut-shaped swelling of the circular band was seen to be made up of numerous intrastromal bubbles. The stroma anterior and posterior to the collection of bubbles was compact and devoid of air (Fig. 5) . In the three samples where air injection was ceased as soon as air pockets started to appear in the centre of the cornea, histology showed that the air pockets were located anterior to PDL and were of varying sizes. Some showed evidence of the coalescence of two or more smaller air pockets (Fig. 6B ).
Discussion
Lamellar corneal surgery has completely changed our approach to corneal transplantation for stromal and endothelial pathology. In DALK, different types of BB, 'clear margin', 'white margin' and 'double bubbles' were described by Anwar et al. (2007) , but the explanation offered for these appearances was inaccurate. Dua et al. (2013) demonstrated that the 'white margin' BB (type-1BB) was due to a cleavage between deep stoma and the PDL; the 'clear margin' BB (type-2BB) was due to a cleavage between PDL and DM and the 'double bubbles' (mixed BB) was due to both types occurring simultaneously. There was never a split between the banded and non-banded zones of DM and the majority were type-1BB, which is similar to in vivo observations (Goweida 2015) . Deep anterior lamellar keratoplasty (DALK) is not as a rule a 'Descemet's baring' technique. In this study, we examined the movement of air in the corneal stroma leading to the formation of a BB and could ascertain that this happens in a fairly consistent manner, providing insight on the structure of the cornea, which is most likely to influence the movement of air. Initial movement of air in the coronal plane corresponds to the predominantly orthogonal (at right angles) arrangement of collagen fibres in the mid-and posterior cornea and the largely isotropic (similar in all directions) arrangement in the anterior stroma (Muller et al. 2001; Abahussin et al. 2009; Meek & Knupp 2015) . The fine 'cracked glass' movement of air in the anterior stroma relates to the compactness of the stroma and is reminiscent of the needle-like crystals seen in infectious crystalline keratopathy (Butler et al. 2001) . The circumferential movement of air at the periphery was consistent regardless of the initial passage of air. This is a novel and interesting observation that seems to correlate with the peripheral circumferential annulus of collagen and the transition from orthogonal to tangential orientation of fibres as they align with the circumferential annulus conferring greater compactness to this region (Kokott 1938; Newton & Meek 1998; Aghamohammadzadeh et al. 2004; Abahussin et al. 2009 ). Besides collagen, the presence of elastin fibres in the cornea has been known for some time (M'Ilroy 1906; Asejczyk-Widlicka et al. 2007) . Recently, 'inflation' of this region. Eye bank eyes differ in that the post-mortem corneas are thicker and the counterbalancing effect of the intraocular pressure is missing. However, the circumferential migration has been noted in vivo as well during DALK though not yet specifically studied or commented upon. Once air fills the periphery of the cornea, it is forced to move centripetally and inflate the central cornea anteroposteriorly as the fibres are orthogonal and less compact. The relative increased compactness or resistance to expansion of the stroma at the junction of the peripheral band and the central swollen zone could represent the transition from the orthogonal arrangement of collagen centrally to the tangential arrangement peripherally. It has been shown that the force required to separate the stromal tissue is less in the centre than at the periphery of the cornea (Smolek & McCarey 1990 ). This aspect of the architecture of the stroma influences the maximum diameter of a type-1BB. As the type-1BB never occurred in any part of the stroma other than between the deep stroma and the PDL, it would strongly suggest that the architecture of PDL is different from the rest of the stroma. The interweave as described by Kokott probably ceases just anterior to PDL to create the plane at which PDL can separate from the deep stroma (Kokott 1938) .
This plane of cleavage is also exploited by invading fungi (Liu et al. 2015) and can also manifest spontaneously in chronic corneal oedema (Dua & Said 2016) . The accepted architecture of the corneal stroma as described above was subtly modified by Dua et al. (2013) in that the most posterior lamellae in PDL again become tightly packed and are thinner. No airspaces were noted in PDL indicating that it is impervious to air Therefore, as air accumulates under pressure between PDL and the deep stroma, it forces the PDL to separate as a 'bubble'. How then does air traverse PDL to create a type-2BB, wherein air finds the plane between PDL and DM? Data obtained in this study suggest that the clusters of fenestrations present in the periphery of PDL are most likely to provide the passage to air to access the plane between PDL and DM to form a type-2BB. This is consistent with the observation that most if not all type-2BB commence at the periphery.
However, in mixed bubbles, a different mechanism can operate. As the type-1BB expands to its maximum diameter, air can leak through the stretched fibres of PDL at the periphery of the bubble to find the plane between PDL and DM. This mechanism was the exception. In a study on optical coherence tomography (OCT) of BB, air in the stroma did not allow images of sufficient quality or resolution to visualize the fenestrations (AlTaan et al. 2016 ). However, the PDL has been demonstrated in vivo in humans by ultrahighresolution OCT (Bizheva et al. 2016) . This mode of examination may allow imaging of the fenestrations.
There is close relationship between the PDL and trabecular meshwork (Dua et al. 2014a ). The appearance of tiny bubbles of air in the anterior chamber during BB DALK is a common observation. This is largely attributed to the escape of air from the trabecular meshwork into the anterior chamber (Dua et al. 2015a) . In this study, we noted that some fenestrations are located distal to the attachment of the DM, between the termination of DM and the origin of the trabecular meshwork and at times between the trabecular meshwork and sclera. Air escaping from these holes would find access to the anterior chamber. This study shows that in the corneal stroma, air moves in a consistent pattern that corresponds with the known architecture of the stroma. The demonstration of fenestrations in the periphery of the PDL, adjacent to the trabecular meshwork, is a novel addition to the microanatomy of the peripheral cornea. Despite the initial controversy (McKee et al. 2011; Schl€ otzer-Schrehardt et al. 2015) , the lack of airspaces in PDL and its impervious (to air) nature; the concentration of elastin fibres in PDL (Lewis et al. 2016) ; the fact that a type-1BB cannot be obtained following ablation of PDL by phototherapeutic keratectomy (Dua et al. 2015b) ; and its recent demonstration in vivo by ultrahigh-resolution OCT (Bizheva et al. 2016) , all point to its unique nature.
